We report the unexpected result that Escherichia coli isolates containing a multicopy plasmid (pDT1.5) carrying the manganese-superoxide dismutase gene sodA were more sensitive than the wild type to paraquatmediated growth inhibition. The pDTl.5 locus responsible for the paraquat-sensitive phenotype was delimited to a 0.6-kilobase segment by transposon Tn5 mutagenesis. Moreover, superoxide dismutase activity was the same as in the wild type in strains carrying pDT1.5::TnS insertions mapping to the 0.6-kilobase locus. These data identify the 0.6-kilobase segment as the locus of sod4 and establish an association between growth inhibition by paraquat and the function of the plasmid-borne sodA gene.
Paraquat (1,1'-dimethyl-4,4'-bipyridinium dichloride) is thought to undergo oxidation-reduction cycling within cells, thereby generating intracellular superoxide radicals (5, 11) which may be toxic to cells at high concentrations. Manganese-superoxide dismutase (Mn-SOD) (14) activity is induced in the presence of paraquat and is most likely an important component of cellular defense against paraquat toxicity (10) as well as against superoxide radical-mediated toxicity in general (18) .
Because Escherichia coli strains carrying pDT1.5, a multicopy plasmid containing the Mn-SOD gene, sodA (21) , display five times as much Mn-SOD activity as wild-type E. coli (21) , we reasoned that pDT1.5 might confer a growth advantage to cells under conditions which produce high intracellular levels of superoxide radical. In contrast to our prediction, however, we report here that strains carrying pDT1.5 were more sensitive to paraquat than were wild-type E. coli strains. The paraquat-mediated growth inhibition phenotype conferred by pDT1.5 allowed us to screen for TnS insertion mutations in pDT1.5 which permitted growth on paraquat. These TnS insertions mapped to a 0.6-kilobase (kb) segment of pDT1.5 and reduced superoxide dismutase expression to wild-type levels. We were thus able to locate the sodA locus on pDT1.5 and to demonstrate an association between growth inhibition by paraquat and the function of the recombinant plasmid-borne sodA gene.
(A report of our preliminary observations has been published [2a] ).
MATERIALS AND METHODS
Bacterial strains and plasmids. E. coli K-12 MC1061 has the following genotype: hsdR araD139 A(ara-leu)7697 Alac-3 galU galK rspL (Stri) (7) . The strain DK1 is a derivative of MC1061 carrying a deletion in recA (D. Kurnit, personal communication). Klebsiella pneumoniae KP5612 has the following genotype: recA hisD hsdR Asrl (19) . The plasmid pDT1.5 was obtained from D. Touati (21) . The cosmid pHC79 is a derivative of pBR322 (12) .
Media and growth conditions. Overnight cell cultures, grown aerobically in LB medium (16) where appropriate, were diluted and allowed to simultaneously reenter the stationary phase. After about 3 h in the stationary phase they were again diluted and plated onto LB agar (1.8%) containing kanamycin or ampicillin or both where appropriate (at the same initial concentrations as above) and paraquat where indicated.
For batch testing of transposon TnS insertion mutants, strains were grown overnight in 96-well microtiter dishes at 37°C for 24 h without shaking and reached densities of about 2 x 108 CFU/ml. With a multipronged replicating device to transfer the cultures, they were diluted and plated on LB at a density of about 105 CFU/cm2 (104 CFU per spot).
For anaerobic experiments, plates were allowed to equilibrate for 24 h in an anaerobic chamber (Coy Laboratory Products, Inc., Ann Arbor, Mich.) containing an atmosphere of 85% N2, 10% C02, and 5% H2 (13) before inoculation with cells. The anaerobic incubations were maintained at 37°C for 48 h.
Transposon TnS mutagenesis and mapping. A general method for plasmid-transposon TnS mutagenesis has been described elsewhere (8) . Briefly, E. coli DK1 cells, made competent and transformed (15) with pDT1.5, were infected with X c1857 b221 rex::TnS at a multiplicity of 1, and the infectants were incubated overnight at 32°C on plates containing ampicillin and kanamycin. The resultant Apr Kmr colonies were scraped from the plates for batch isolation and purification of plasmid DNA by centrifugation in a cesium chloride-ethidium bromide gradient (16) . Plasmid DNA thus prepared was used to transform wild-type DK1, and cells transformed by pDT1.5 harboring TnS insertions were selected on plates containing ampicillin and kanamycin. Plasmid preparations (2) from individual Apr Kmr isolates were subjected to restriction endonuclease analysis and gel electrophoresis for TnS mapping (16) .
Extract preparation and superoxide dismutase assay. Cell extracts of overnight cultures were made as described by Touati (21) , except that EDTA was not included in the extract buffer. Superoxide dismutase assays were performed by the method of Beauchamp and Fridovich (1), with minor modifications (17) . Protein was assayed by the method of Bradford (4) 
RESULTS
Plasmid pDT1.5 confers increased sensitivity to paraquat. To test the effect of multiple copies of the sodA gene on paraquat-mediated growth inhibition, we plated DK1 and DK1(pDT1.5) on solidifed LB medium containing various concentrations of paraquat. As expected, paraquat was toxic to both DK1 and DK1(pDT1.5). Surprisingly, however, DK1(pDT1.5) was approximately twice as sensitive as DK1 to paraquat. The effect of various concentrations of paraquat on single CFU is shown in Table 1 . Confluently spotted cultures were more resistant to paraquat than single CFU. Nonetheless, the relative difference in paraquat resistance between DK1 and DK1(pDT1.5) was maintained (see below). Equivalent results to those in DK1 were obtained in MC1061, the recA+ parent of DK1, and in K. pneumoniae KP5614 (results not shown). The paraquat-sensitive phenotype of single DK1(pDT1.5) CFU on 0.12 mM paraquat was completely reversed when the cells were grown anaerobically (results not shown). This is consistent with previous findings that the toxic effect of paraquat for E. coli is dependent upon the presence of oxygen (11) .
Mapping of the pDT1.5 locus determining increased paraquat sensitivity. To delimit the locus on pDT1.5 which mediates the paraquat-sensitive phenotype, we tested the growth of a series of DK1(pDT1.5::TnS) mutants on paraquat. The mutants were spotted with a multipronged applicator onto medium containing ampicillin, kanamycin and 0.5 mM paraquat at an empirically determined cell density of about 105 CFU/cm2. (At this density, optimal discrimination between the sensitive and resistant phenotypes was obtained on 0.5 mM paraquat.) Among the 140 pDT1.5::TnS insertion mutants tested, 24 expressed a paraquat-resistant phenotype, forming confluent spots of growth, whereas 116, expressing a paraquat-sensitive phenotype, did not grow (results not shown). The insertion sites of all 140 TnS mutations were determined by restriction endonuclease analysis. Those mapping to the plasmid insert are depicted in Fig. 1 .
Of the 24 TnS inserts carried by the paraquat resistant mutants, 20 were contiguous, mapping to a 0.6-kb segment within the pDT1.5 insert (Fig. 1, solid wedges) . The remaining four mapped to the pDT1.5 vector. All of the TnS inserts carried by the paraquat-sensitive mutants mapped outside of the segment delimited by the 20 contiguous paraquatresistant mutants (Fig. 1, open wedges) . All of the TnS mutants grew normally on control plates containing ampicillin and kanamycin but no paraquat.
The phenotypes of two pDT1.5::TnS mutations, TnS-20, mapping to the above 0.6-kb segment, and TnS-32, mapping adjacent to this segment, (Fig. 1) Identification of the 0.6-kb pDT1.5 locus as the site of sodA. The 4.8-kb EcoRI-BamHI fragment cloned in pDT1.5 was initially isolated because it conferred a fivefold increase of superoxide dismutase activity. This fragment was subsequently shown to code for the Mn-SOD structural gene by maxicell analysis (21) . We performed assays for superoxide dismutase activity on the pDT1.5::TnS mutants to determine whether the pDT1.5 locus conferring increased paraquat sensitivity was that of the sodA gene. TnS insertions mapping within the 0.6-kb segment identified above inactivated the plasmid-borne sodA gene, whereas insertions mapping to either side of the segment did not (Fig. 1) .
DISCUSSION
We have shown that paraquat exerts a selection against E. coli cells bearing multiple copies of pDT1.5 and that this effect is reversed by TnS-generated mutations within a 0.6-kb segment of DNA on the pDT1.5 insert. Further, we have identified the 0.6-kb segment as the sodA locus by showing that Tn5 insertions within it inactivate the sodA gene. The 0.6 kb traversed by our 20 contiguous TnS mutations represents the minimal size of the sodA transcriptional unit (and approximates the length of DNA necessary to code for the 205-amino-acid Mn-SOD polypeptide). Four clones whose TnS inserts mapped to the pDT1.5 vector were also paraquat resistant, and the basis for their resistance is not clear.
Subcloning of pDT1.5 has recently demonstrated that transcription of sodA occurs left to right and extends through the unique PstI site within the same location identified here by TnS mutagenesis and paraquat selection (6) . Also during preparation of this paper, sequencing data appeared which conclusively demonstrate a single gene sodA operon at this same location (20) .
It is surprising that the function of the plasmid-borne sodA is associated with increased sensitivity to paraquat. In wild-type E. coli cells the sodA gene product, Mn-SOD, is induced upon exposure to paraquat, presumably in an adaptive response to a paraquat-mediated increase in superoxide production (10) . Also, sodA mutants are more sensitive to paraquat than wild-type E. coli under certain conditions. This increased sensitivity has been demonstrated for cells grown in minimal liquid medium (6) or on rich (LB) solid medium (our unpublished observation), but not in rich (LB) liquid medium (6) . Nevertheless, whereas possession of one functional gene copy may be adaptive, the data presented here demonstrate that possession of multiple functioning sodA copies is deleterious upon exposure to paraquat. Recent work studying eucaryotic cells transfected with a recombinant plasmid bearing the human Cu-Zn-superoxide dismutase gene provides indirect evidence for a dose dependence of the ability of this gene to confer paraquat resistance. These studies show a correlation between preexposure expression of Cu-Zn-superoxide dismutase activity and resistance to paraquat (9) . Those transfectants which moder- The six TnS insertions mapping outside of the 0.6-kb segment permitted expression of superoxide dismutase levels equal to or greater than that in the nonmutated DK1(pDT1.5). Superoxide dismutase activities in the mutants which carried TnS inserts mapping within the 0.6-kb segment were equal to that in the negative control, DK1(pHC79) (the vector of pDT1.5), indicating that the plasmid-borne gene in these mutants was nonfunctional. Abbreviations: E, EcoRI; B, BamHI; P, PstI; G, BglI; S, SmaI; A, AvaI.
ately overproduced the enzyme activity (3.6-fold over the wild type) were more resistant than controls, whereas those which maximally overproduced the activity (5.8-fold over the wild type) demonstrated only baseline resistance to paraquat. No Cu-Zn-superoxide dismutase-overproducing isolates demonstrated decreased resistance, however.
In our studies, resistance to paraquat in strain DK1(pDT1.5) was less than that in both the wild type and the DK1[pDT1.5(sodA): :TnS] controls. The high sodA copy number of DK1(pDT1.5) could lead to a deleteriously high level of Mn-SOD activity after induction by paraquat or to an imbalance between the expression of Mn-SOD and other enzymes such as catalase, which might normally act in coordination with Mn-SOD during the response of the cell to paraquat-mediated oxidant stress. Another possibility is that Mn-SOD overproduction could lead to precipitation of protein aggregates, as has been demonstrated with EcoRI endonuclease overproduction (3).
The growth-inhibiting effect of paraquat on cells containing plasmid-borne sodA, which is observed in the expression backgrounds of both E. coli and K. pneumoniae, may be generally useful in screening DNA libraries of related species for clones containing recombinant plasmid-bome copies of Mn-SOD genes. Also, a greater understanding of the mechanism of paraquat toxicity in this case may provide insight on the mechanism by which members of the family Enterobacteriaceae protect themselves from superoxide radical-mediated toxicity.
